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TTX is obtainable from certain fish of the suborder Tetraodontoidae and has recently attracted much interest among neurophysiologists.' Minute amounts of TTX are rapidly fatal to mammals, causing muscular paralysis, hypotension, emesis, and death from respiratory failure. The nerve-blocking properties of TTX have long been known. During the last decade, however, the application of modem electrophysiological techniques has provided greater understanding of the mechanism of TTX-induced neural block.
According to the Hodgkin and Huxley2 formulation of the genesis of nerve action potential, the initial depolarization component of the electric spike depends upon a rapid, relatively specific increase in permeability of the axon membrane to sodium. This is followed by a slower increase in permeability to potassium. These changes in ionic permeability of the membrane are accompanied by passive movement of these ions down their respective electrochemical gradients. The configurational changes in the molecular constitution of the membrane that underlie the permeability changes responsible for this ion-gating mechanism are unknown. Kao Results.-The effects of the surgical procedure and of slow unilateral saline infusion on renal hemodynamics and excretion of inorganic ions are small or insignificant, as has been validated by us elsewhere.'2 Table 1 presents a summary of the results of the pre-TTX periods of the present series as expressed in differences 
between the infused and noninfused kidneys. All of the differences were small and none could be proved statistically significant. An illustrative experiment depicting the effect of TTX on renal hemodynamics and sodium excretion is shown in Figure 1 . Mean arterial pressure for the pre-TTX periods was 124 mm Hg. During the first 20 minutes of TTX infusion (1.23 JAg/min), the pressure had fallen to 110 mm Hg. The TTX dose was reduced to 0.62 dig/minute for the next 20-minute period, during which the pressure rose to 120 mm Hg. For the next two experimental periods the TTX was administered at 1.23 ,ug/min and the mean pressure fell to 114 mm Hg. It returned to 120 mm Hg 20 minutes after TTX infusion was stopped. Although the blood pressure changes were not great, there was a gradual drop in effective renal plasma flow (ERPF) and a consequent gradual rise in filtration fraction (FF). After TTX infusion was begun, there was a prompt unilateral increase in sodium excretion. During the second experimental period when TTX dose was halved, sodium excretion fell, but the difference between the infused kidney and its mate was still appreciable. When TTX infusion was discontinued, sodium excretion by the experimental kidney still exceeded that of its mate, but the difference between the kidneys grew less. The effects of TTX on the excretory rates of potassium, magnesium, and calcium during the same experiment are illustrated in Figure 2 .
A statistical evaluation of the changes observed in the entire series of dogs is presented in a later section.
The TTX-induced increase in excretory rate of sodium and other ions was prompt and usually reversible. In 9 of the 14 dogs, the initial TTX infusion rate was adequate to evoke natriuresis and, in these animals, did so within 20 min- 
MINUTES
utes. In several dogs the return toward control values was sufficiently rapid to allow administration of TTX a second time to the same kidney. Such a protocol is shown in Table 2 . Table 3 summarizes the effects of TTX on renal hemodynamics and electrolyte excretion. Although we infused TTX into the arterial circulation of one kidney in order to obtain high concentrations locally and to avoid them systemically, an additional advantage was afforded by the circumstance that each infused kidney was thereby provided with a simultaneous concurrent control in its noninfused mate. Whatever systemic factors may have affected both kidneys, the differences between them must be attributed to the infused drug. For this reason we have regarded the difference between kidneys during the infusion, minus a similarly calculated difference before infusion, as being the variable best reflecting a direct action of TTX upon the kidney. All the differences as above defined showed statistically significant increases except that for ERPF. The changes for sodium, chloride, potassium, and magnesium were highly significant (p < 0.01).
Discussion.-Our data demonstrate that intrarenal TTX in very low concentration caused increased excretion of a number of inorganic ions, the greatest effect being shown by sodium. A mean TTX infusion rate of 5.05 X 10-,1\I/-nminute and an assumed renal blood flow around 200 ml/minute would result in an initial intrarenal TTX concentration that is roughly 25 nanomolar.
Although these experiments show intrarenal TTX to be natriuretic, they do not afford an explanation for this effect. A number of possibilities exist, some of which are more likely than others. First, since TTX is a vasodilator and vasodilation has been implicated in induction of diuresis,13 it is possible that the TTX-natriuresis is secondary to a vascular effect of TTX. Against this thesis is the failure of TTX to produce significant change in ERPF. However, we cannot rule out alterations in intrarenal distribution of blood.
Second, the commercially available TTX contains 5 jig of citrate for every 1 jig of TTX. When water is added to the powdered mixture, a solution of pH 4.5 results. Kao"4 has suggested that when high concentrations of TTX (e.g., 100 jig/ml) are used, enough citrate may be present to complex some ionized calcium.
Although the minute amount of citrate present in our TTX solutions seemed inadequate to remove enough ionized calcium to induce natriuresis, we performed additional experiments on 16 more dogs into whose renal arteries we infused citrate (titrated to pH 4.5) at a rate of 100 ,jg/minute for 40 minutes. This was four times the maximum rate of citrate infusion during the TTX experiments and 12 times the mean rate of citrate infusion. The same variables were measured as in the TTX experiments. No significant changes were found in any of the functions measured.
Third, since the increase in differential excretion of all ions studied was accompanied by a differential increase in GFR, a question arises concerning the relative roles played by increased filtration on the one hand, and altered tubular activity on the other, in producing the observed excretory increases. Our data suggest, but do not prove, that the action of TTX is primarily on the tubules. The differential increase in sodium excretion was greater than that for GFR, and the correlation between them was low (r = 0.233) and not statistically significant (p = 0.2-0.3). Fourth, it is possible that TTX acts on the sodium pump rather than the cell membrane. This seems unlikely since TTX is without effect on the potential difference and short-circuit current of frog skin and toad bladder3. 15 markedly impairing the lethality of the molecule. As pointed out by Woodward,'8 the hemilactal function "is entirely unique, not having been observed before in the structure of any organic molecule, whether of natural or synthetic origin."
Summary.-The direct renal effects of tetrodotoxin (TTX) were studied in the dog. TTX was infused in dilute solution directly into one renal artery and caused highly significant differential increase in sodium excretion, associated with highly significant, but smaller, differential increases in potassium and magnesium excretions. Small increases in differential calcium excretion, water excretion, GFR, and filtration fraction also occurred. The mechanisms for these effects are unknown, but several possibilities are discussed.
